The long-term administration of N -nitro-L -arginine methyl ester (L-NAME), an inhibitor of nitric oxide synthesis, produces coronary vascular remodeling and myocardial hypertrophy in animals. This study used a rat model to investigate the role of angiotensin I converting enzyme (ACE) in the pathogenesis of such changes. We studied the following groups, all of which received drug treatment in their drinking water: untreated controls, and those administered L-NAME, L-NAME, and an ACE inhibitor (ACEI), and L-NAME and hydralazine. Cardiovascular structural changes and tissue ACE activities were evaluated after the first, fourth, and eighth week of treatment. In rats treated with L-NAME alone, vascular remodeling was evident at the fourth and eighth week, and myocardial hypertrophy was present at the eighth week of treatment. The vascular and myocardial remodeling were characterized by increased tissue ACE activities and immunodetectable ACE in those tissues. These changes were markedly reduced by ACEI, but not by hydralazine treatment. 
Introduction
The endothelium is important in maintaining the homeostasis of the blood vessel wall by producing endothelium-derived substances (1) (2) . An important endothelium-derived relaxing factor has been identified as nitric oxide (NO), 1 or a related compound (3, 4) . Besides its role in controlling vascular tone, platelet aggregation, and leukocyte adhesion, extensive evidence suggests that NO inhibits the growth and/or proliferation of blood vessels (5) (6) (7) (8) (9) . Studies in animals and humans have shown that disorders such as hypercholesterolemia and atherosclerosis are associated with dysfunction of the endothelium of the large epicardial and resistance coronary arteries (10) (11) (12) (13) . Endothelial dysfunction may lead to functional and structural abnormalities in the vascular wall, thus contributing to myocardial ischemia. We (14) (15) (16) and other investigators (17) (18) (19) (20) (21) reported recently that long-term blockade of NO synthesis by the chronic administration of N -nitro-L -arginine methyl ester (L-NAME), an inhibitor of NO synthesis, produces systemic arterial hypertension, microvascular structural changes with thickening of the media, luminal narrowing, perivascular fibrosis, and hypertrophy of the myocardium in rats and pigs. Evidence suggests that NO synthesis is actually reduced in these animals (17) (18) (19) . These observations indicate that the coronary vascular and myocardial structural changes are due to a defect in the NO synthesis that leads to the activation of neurohormonal systems and growth-promoting factors, not due to the presence of systemic arterial hypertension per se. However, the exact pathogenesis of these cardiovascular structural changes is unclear.
Reports suggest that the renin-angiotensin system is activated in this model of chronic administration of L-NAME. The chronic administration of L-NAME increases plasma renin activity (PRA) and cardiac tissue angiotensin I converting enzyme (ACE) activity (17) (18) (19) (20) (21) . It has been suggested that ACE activation contributes to the development of vascular and myocardial structural changes after left ventricular hypertrophy and failure in rats (22) (23) (24) (25) (26) . ACE inhibitors (ACEI) prevent cardiac remodeling and prolongs survival after myocardial infarction in both animals (24) (25) (26) and humans (27, 28) . Such evidence suggests that the inhibition of activated ACE may explain the benefits of ACEI in those conditions. However, it has not been determined whether ACE activation is involved in the pathogenesis of the vascular and myocardial structural changes in the rat model that is chronically administered L-NAME.
The purpose of this study was to investigate the role of ACE in the pathogenesis of vascular and myocardial structural changes in rats induced by long-term administration of the NO synthase inhibitor, L-NAME. We evaluated the effects of ACEI on the cardiovascular structural changes and tissue ACE activities in this model. In addition, we used immunohistochemistry to determine the local tissue expression of ACE under some of these conditions.
Methods
These experiments were reviewed and approved by the Committee on Ethics of Animal Experiments, Faculty of Medicine, Kyushu University, and conducted according to the Guidelines for Animal Experiments of the Faculty of Medicine, Kyushu University and Law (No. 105) and Notification (No. 6) of the Japanese Government.
Drugs and antibodies. This study used L-NAME (Sigma Chemical Co., St. Louis, MO), temocapril (Sankyo Pharmaceutical Co., Tokyo, Japan), and hydralazine (Ciba-Geigy Pharmaceutical Co., Tokyo, Japan). An antibody for rat ACE (9B9) was from Immunobiology Lab, (Fujioka, Gunma, Japan).
Animal preparation. 191 male Wistar-Kyoto rats 20-wk old were obtained from an established colony at the Animal Research Institution of Kyushu University School of Medicine. Six groups of rats were studied. The control group received untreated drinking water. The second group (L) received L-NAME in its drinking water (1 mg/ml). At this concentration, the daily intake of L-NAME for the latter group was ‫ف‬ 30-40 mg/d. The third group (L ϩ ACEI1) received L-NAME and angiotensin-converting enzyme inhibitor (temocapril, 0.1 mg/ml) in drinking water; the fourth group (L ϩ ACEI2) received L-NAME and temocapril (0.01 mg/ml); the fifth group (L ϩ Hyd) L-NAME and hydralazine (0.12 mg/ml); and the sixth group (ACEI) temocapril alone (0.01 mg/ml) in the drinking water. All rats were fed a normal diet and single-housed in a special pyrogen-free facility. We measured the actual volume of water drunk by each group of rats on a weekly basis and confirmed that the animals all got 30-40 ml of the water containing drugs.
Systolic blood pressure (the tail-cuff method) and body weight were measured every week. At the first and fourth weeks of treatment, morphometric and biochemical analyses were performed in the control, L, and L ϩ ACEI1 groups. At the eighth week of treatment, those analyses were performed in the rats of all six groups that survived the full 8 wk of treatment. All rats were anesthetized by thiopentobarbital, and then killed by exsanguination.
Histopathology and morphometry. Histopathology and morphometry were performed by investigators who were blind to the treatment being administered. Findings were evaluated in 10-15 rats of each group as previously described (15). Excised hearts were perfused with physiological saline solution and fixed with 6% formaldehyde solution for 30 min via retrograde infusion into the descending aorta at a pressure of 90 mmHg. The left ventricle (LV) was separated from the atria, the right ventricle, and the great vessels. The LV was weighed and cut into five pieces perpendicular to the long axis. The thoracic aorta was also excised. Tissues were fixed in 6% formaldehyde for a few days, then dehydrated and embedded in paraffin. The paraffin slices were stained with hematoxylin and eosin and Masson's trichrome staining solutions. The whole area of all histopathologic sections was scanned using a light microscope (Microphot-FXA, Nikon Co., Tokyo, Japan) equipped with a two-dimensional analysis system.
To evaluate the thickening of the coronary arterial wall and perivascular fibrosis, short-axis images of the large coronary arteries (internal diameters Ն 200 m) and small coronary arteries (internal diameters Ͻ 200 m) were studied. The inner border of the lumen and the outer border of the tunica media were traced in each arterial image with Masson's trichrome staining at magnifications of 100-200. Areas encircled by the tracings were calculated. During the quantification procedure, nonround vessels due to oblique transsection or branching were excluded, and only round vessels were studied. The wall-to-lumen ratio (the medial thickness to the internal diameter) and the area of fibrosis (collagen deposition stained with aniline blue) immediately surrounding the blood vessels were then calculated. Perivascular fibrosis was determined as the ratio of the area of fibrosis surrounding the vessel wall to the total vessel area. In each heart, ‫ف‬ 40 small arteries and 10 large arteries were examined. Average values for each size of vessel were used for analysis. The wall-to-lumen ratio of the thoracic aorta was examined similarly.
To measure the myocyte cross-sectional area, morphometry of left ventricular myocytes was performed (29, 30). In Masson's trichromestained section of the lateral mid-free wall of the LV, the myocyte cross-sectional area was measured from myocytes that were cut transversely and had both a visible nucleus and an unbroken cellular membrane. The outer borders of the myocytes were traced and the myocyte areas were calculated. Approximately 100 cells were counted per heart and the average was used for analysis.
Biochemical analysis. Biochemical parameters were measured in the other 5-10 rats of each group. Animals were anesthetized with pentobarbital and blood samples were taken from the femoral artery. The following parameters were measured at the first, fourth, and eighth week of treatment: PRA and ACE activity of the serum and heart. At the eighth week of treatment, ACE activities of lung, thoracic aorta, lung, kidney, and liver were also measured. PRA was determined by radioimmunoassay using commercially available kits. PRA values are expressed as nanograms of angiotensin I synthesized per milliliter/hour. Serum and tissue ACE activities were determined Table I . Systolic Blood Pressure, Heart Rate, and Body Weight using a fluorometric assay that was described by Cheung and Cushman (31). Serum ACE activity was calculated as nanomoles of HisLeu generated per milliliter of serum/hour, and tissue ACE activity was calculated as the nanomoles His-Leu generated per milligram tissue weight of serum/hour (32).
Immunohistochemistry. Immunohistochemistry was performed at the fourth and eighth week of treatment on the cardiac tissues from five rats each from the control, L, L ϩ ACEI1, and L ϩ Hyd groups. After the hearts were perfused with physiological saline without pressure fixation, tissue samples were embedded immediately in OCT compound, frozen, cut into 4-mm-thick sections, and mounted on glass slides. After rehydration, the sections were preincubated with 0.1% Triton X-100 in PBS and 0.1% skim milk to decrease nonspecific binding. An antibody to rat ACE was applied and the slides were incubated for 60 min at room temperature. The sections were incubated with biotinylated rabbit anti-mouse immunoglobulin (IgG) for 10 min and then incubated with 1% hydrogen peroxide (H 2 O 2 ) in methanol to quench endogenous peroxidase. The sections were then incubated with peroxidase-labeled streptavidin solution for 10 min. The slides were rinsed in PBS with 0.1% Triton X-100 after each incubation step. The peroxidase activity was identified by the use of DAB-buffer tablets (Merck 64271) with H 2 O 2 (0.013%). The sections were counterstained with hematoxylin solution, dehydrated in ethanol, and then mounted. The degree of the ACE immunoreactivity in the coronary arteries and myocardium was evaluated by two independent data-blind observers.
Statistical analysis. Data are expressed as the mean Ϯ SEM. Paired data were compared by Student's t tests. Myocyte size, heart weight, body weight, and hemodynamic parameters were compared by using one-way ANOVA followed by Bonferroni's test for multiple comparisons. Comparisons of vascular wall-to-lumen ratio, perivascular fibrosis, and time-related changes in blood pressure among groups were performed using two-way ANOVA followed by Bonferroni's multiple-comparison t tests. Correlations between the two parameters were determined by simple linear regression analysis. P Ͻ 0.05 was considered statistically significant.
Results
Body weight and hemodynamic variables. Body weights before the treatments were identical among groups (Table I) . Rats in the control and ACEI groups gained weight, whereas those in the L and L ϩ ACEI2 groups lost weight during the study. Body weights did not change significantly in the L ϩ Hyd and L ϩ ACEI1 groups during the study.
Time-related changes in systolic arterial pressure are shown in Fig. 1 . In the L group, systolic arterial pressure increased progressively and plateaued after 4 wk of treatment. The increases in systolic arterial pressure in the L ϩ ACEI2 group resembled those in the L group. No significant changes in systolic arterial pressure were observed in the control, The wall-to-lumen ratio in small coronary arteries at the first, fourth, and eighth week of treatment (A) and perivascular fibrosis in small coronary arteries at the first, fourth, and eighth week of treatment (B) in the control, L, LϩHyd, LϩACEI1, LϩACEI2, and ACEI groups. *P Ͻ 0.01 versus the C group by two-way ANOVA and multiple comparison t tests.
LϩHyd, LϩACEI1, and ACEI groups. Heart rate was similar throughout the treatment among the six groups (Table I) .
Wall-to-lumen ratio and perivascular fibrosis. The wallto-lumen ratios and the degree of perivascular fibrosis in the small coronary arteries were examined after the first and fourth week of treatment in three (control, L, and LϩACEI1) groups. These two parameters did not change after the first week of treatment in any of these groups. However, after the fourth week of treatment, they were significantly greater in the L group than in the control group (Fig. 2) . These vascular structural changes were reduced by treatment with ACEI.
The wall-to-lumen ratios and perivascular fibrosis in the small coronary arteries were examined after the eighth week of treatment in all six groups. These parameters were significantly greater in the L group than in the control group (Fig. 2) . These vascular structural changes were significantly reduced by treatment with either a low or high dose of ACEI, but not by hydralazine. Microscopic pictures taken of small coronary arteries with Masson's trichrome stain for the control, L, LϩACEI1, and Lϩhydralazine (Hyd) groups are shown in Fig. 3 . Treatment with ACEI alone had no effect on the coronary vascular structure.
The wall-to-lumen ratios in the large coronary arteries and thoracic aorta were also examined after the eighth week of treatment. This parameter was slightly, but significantly, greater in the L group than in the control group (Fig. 4) . The structural changes in the large coronary arteries and aorta were significantly reduced by the low and high doses of ACEI, but not by hydralazine treatment. Treatment with ACEI alone had no effect on structure in the large epicardial coronary arteries and aorta. There were no significant differences in the degree of perivascular fibrosis of the large coronary arteries among the six groups (Fig. 4) .
Myocardial hypertrophy. At the first and fourth week of treatment, the relative weights of the LV and the cross-sectional areas of LV myocytes did not significantly differ among the control, L, and LϩACEI1 groups. At the eighth week of treatment, these parameters were increased in the L group compared with controls ( Figs. 5 and 6 ). The increases in the relative LV weights and myocyte cross-sectional areas in the L group were blunted to a similar extent by both the low and high doses of ACEI, but were unaffected by hydralazine. The myocyte areas in the ACEI group did not significantly differ from those of the control group.
Biochemical data and immunohistochemistry. PRA and ACE activities are shown in Table II . PRA in the control group is somewhat higher than that of normal animals in other studies. This was because animals were anesthetized for blood sampling in this study. Compared with the control group, PRA in the L group did not change at the first or the fourth week, and significantly increased after the eighth week of treatment. The increases in PRA seen in the L group at the eighth week of treatment were also observed in the LϩHyd, LϩACEI1, LϩACEI2, and ACEI groups. Compared with the control group, serum ACE activity in the L or LϩHyd groups did not change, but significantly decreased in rats treated with ACEI (LϩACEI1, LϩACEI2, and ACEI groups). In contrast, tissue ACE activities in the heart and aorta markedly increased in the L group after the first, fourth, and eighth weeks of treatment, while ACE activities in other tissues (lung, kidney, and liver) were unchanged. The increases in ACE activities in cardiovascular tissues in the L group were blunted by both the low and high doses of ACEI, but not by hydralazine. Treatment with ACEI alone did not alter tissue ACE activity in the heart, but significantly decreased the ACE activity in all other tissues examined.
Relationships between the structural changes and the biochemical data at the eighth week of treatment were examined (Fig. 7) . A significant correlation was found between the wallto-lumen ratio of the aorta and aortic ACE activity (y ϭ 0.001 x ϩ 0.075, r ϭ 0.62, P Ͻ 0.01) and between the relative LV weight and cardiac ACE activity (y ϭ 0.508 x ϩ 1.915, r ϭ 0.60, P Ͻ 0.01). There was no significant correlation between the wall-to-lumen ratio of the aorta and the serum ACE (P ϭ 0.74) or between the relative LV weight and the serum ACE (P ϭ 0.13). There was no significant correlation between the wallto-lumen ratio of the aorta and PRA (P ϭ 0.33), or between the relative LV weight and PRA (P ϭ 0.13).
In the control rats, ACE immunoreactivity was present in the endothelium of the large and small coronary arteries, but not in the vascular media and adventitia or in the myocardium. In the L and LϩHyd groups, both the endothelium and the areas of perivascular fibrosis were intensely immunoreactive to ACE antibody (Fig. 8) . No immunoreactivity was noted in the vascular media. The myocardial myocytes were occasionally positive for the ACE antibody (data not shown). No such abnormal ACE immunoreactivity was noted in the LϩACEI1 group that showed no evidence of vascular and myocardial structural changes (data not shown). No immunoreactivity was noted when ACE antibody was replaced with nonimmune IgG (negative control).
Discussion
The role of ACE in the vascular and myocardial structural changes induced by long-term administration of L-NAME has not been investigated. The major findings of this study were that: (a) the tissue, but not the serum ACE activity was increased before such structural changes developed; (b) the structural changes and local ACE activation were prevented by ACEI; and (c) vascular and myocardial structural changes were associated with an increase in immunodetectable ACE. We interpret these findings to suggest that an activation of the local ACE may contribute to the development of coronary vascular and myocardial structural changes in this model.
It has been shown in rats that the long-term administration of L-NAME decreases NO synthesis and causes arterial hypertension (14-21). Such long-term administration of this agent also causes vascular and myocardial remodeling in rats (15, [17] [18] [19] [20] [21] . In this study, we examined the temporal relationship between structural changes and ACE activity after L-NAME administration in this model. This study demonstrated that the structural changes in coronary arteries occur by the fourth week, and the myocardial hypertrophy occurs by the eighth week of L-NAME administration, while the increases in tissue ACE activity were evident as early as the first week. The latter findings agree with recent reports by Arnal et al., who showed that rats did not develop cardiac hypertrophy after the fourth week of L-NAME administration (17) and that a subset of rats developed cardiac hypertrophy with increased tissue ACE activity (21) . Thus, activation of tissue ACE preceded the development of vascular and myocardial structural changes. Although we previously failed to demonstrate structural changes in large coronary arteries (21), significant increases in the wallto-lumen ratio were evident in both the large coronary arteries and aorta in the present study. Thus, long-term administration of L-NAME appears to cause structural changes in the large conduit vessels as well as in small arteries. The reasons for the different findings between this study and our previous one are unclear. However, the differences may be related to the fact that older rats (20 wk old) were used in this study while younger ones (8 wk old) were used previously (21) .
We also investigated the effects of ACEI on the vascular and myocardial structural changes in this rat model. These structural changes were markedly reduced by the administration of ACEI but not of hydralazine. Furthermore, a low dose Figure 4 . Wall-to-lumen ratio in large coronary arteries at the first, fourth, and eighth week of treatment (A), perivascular fibrosis in large coronary arteries at the first, fourth, and eighth week of treatment (B), and the wall-to-lumen ratio in the thoracic aorta at the eighth week of treatment (C). *P Ͻ 0.01 versus the C group by twoway ANOVA and multiple comparison t tests. of ACEI, one that did not affect arterial pressure, produced inhibitory effects on the structural changes and tissue ACE activity identical to those seen with the high dose of ACEI. Thus, the inhibition of ACE, not the prevention of arterial hypertension induced by L-NAME, appears to account for the beneficial effects of ACEI observed in this model. In addition, we evaluated the effects of ACEI on PRA in this model. PRA did not change after the first or fourth week, and increased after the eighth week of L-NAME administration. These time-related changes in PRA are consistent with previous reports (17) (18) (19) (20) (21) (22) , and have been attributed to the nephroangiosclerosis seen in this model (18) . It is possible that the increased PRA secondary to the nephroangiosclerosis would result in an increased synthesis of angiotensin II. This could occur even in the absence of tissue ACE activation and thus contribute to the cardiovascular structural changes. In this study, however, coronary vascular structural changes were evident before the increase in PRA was noted. There was no significant correlation between PRA and the vascular and myocardial structural changes. These results strongly suggest that the activation of local ACE contributes to coronary vascular and myocardial structural changes in this model. However, the mechanisms by which ACE is activated after long-term administration of L-NAME were not explored in this study. It has been shown that NO inhibits vascular proliferation, and thus contributes to structural changes in the vascular wall (5) (6) (7) (8) (9) . A decreased NO synthesis induces the synthesis of growth-promoting factors from the endothelium (33). The activation of ACE would increase the synthesis of angiotensin II, which in turn directly induces vascular smooth muscle proliferation (34) and myocyte hypertrophy (23, 24) , and also induces the release of plateletderived growth factor (35) and transforming growth factor-␤ (36). In addition, long-term administration of angiotensin II causes perivascular fibrosis in a rat model (37, 38) . This angiotensin II-induced fibrosis resembles the histopathological findings seen in this study. In the present study, a significant correlation was demonstrated between the cardiovascular structural changes and tissue ACE activities. Tissue ACE activities were also increased only in the heart and arteries but not in other organs evaluated. The selective rise of ACE activities in cardiovascular tissues implies that ACE may have been activated locally in these tissues in this model. We thus examined the site of ACE activation using immunohistochemistry and found that the structural changes in the coronary arteries were characterized by an increase in immunodetectable ACE. These findings further substantiate the importance of the local synthesis of angiotensin II in myocyte hypertrophy, as reported by Sadoshima et al. (39) . These findings also support the hypothesis that vascular and myocardial structural changes in this model are mediated by the local elaboration of growth-promoting factors, which in turn are induced by an activation of the renin-angiotensin system, including ACE.
Table II. Effects of Various Treatments on Biochemical Variables
It should be noted that long-term administration of L-NAME produces pathological vascular structural changes in other organs. Michel et al. (40) showed that L-NAME-induced vascular damages in the kidney were prevented by ACEI. Although renal histopathology was not examined in this study, these findings suggest a possibility that in the kidney L-NAMEinduced vascular structural changes can develop without the overall increase in tissue ACE activity.
There are two possible mechanisms by which ACEI exerted its beneficial effects on cardiovascular remodeling in this study. First, ACEI may specifically act on ACE to inhibit the formation of angiotensin II. Second, because ACE is identical to kininase II, its elevated presence may have inhibited the breakdown of bradykinin such that the resultant increase in NO release might have contributed to the beneficial effects of ACEI (41, 42) . However, we did not investigate whether the beneficial cardiovascular effects of ACEI may have resulted from inhibition of either angiotensin II-induced actions or bradykinin breakdown.
This study has several implications. First, our data suggest a possible link between NO synthesis and tissue ACE in the development of vascular and myocardial disorders. Second, we suggested previously that endothelial dysfunction occurs in the coronary microcirculation of patients with angina pectoris and normal coronary arteriograms (43, 44) , conditions in which coronary microvascular disorders contribute to myocardial ischemia (45) . The marked thickening of the media of microvessels observed in the present study, using rats, resembles the histopathological findings in patients with microvascular angina (46) . Kaski et al. (47) demonstrated that long-term administration of ACEI reduced the myocardial ischemia induced by stress in patients with microvascular angina. The present animal model may thus be relevant to the syndrome of microvascular angina seen clinically.
We conclude that an increase in local ACE expression is important in the pathogenesis of the vascular and myocardial remodeling induced by long-term blockade of NO synthesis in the rat model.
